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METHOD OF FORMING LOW-RESISTIVITY 
RECESSED FEATURES IN COPPER 

METALLIZATION 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

The present invention is related to US. patent application 
Ser. No. 11/693,298, ?led Mar. 29, 2007 and entitled 
METHOD OF FORMING LOW-RESISTIVITY COPPER 
FILM STRUCTURES. The present invention is also related 
to US. patent application Ser. No. 11/864,566, entitled 
VOID-FREE COPPER FILLING OF RECESSED FEA 
TURES FOR SEMICONDUCTOR DEVICES and ?led on 
Sep. 28, 2007. The entire contents of these applications are 
incorporated herein by reference in their entirety. 

FIELD OF THE INVENTION 

The invention relates to semiconductor devices, and more 
particularly to processing methods for forming loW-resistiv 
ity recessed features containing a ruthenium (Ru) ?lm inte 
grated With bulk copper (Cu) metal. 

BACKGROUND OF THE INVENTION 

An integrated circuit (IC) contains various semiconductor 
devices and a plurality of conducting metal paths that provide 
electrical poWer to the semiconductor devices and alloW these 
semiconductor devices to share and exchange information. 
Within an integrated circuit, metal layers are stacked on top of 
one another using intermetal or interlayer dielectric layers 
that insulate the metal layers from each other. Normally, each 
metal layer must form an electrical contact to at least one 
additional metal layer. Such electrical contact is achieved by 
etching a hole (i.e., a via) in the interlayer dielectric that 
separates the metal layers, and ?lling the resulting via With a 
metal to create an interconnect structure. Metal layers typi 
cally occupy etched pathWays in the interlayer dielectric. A 
“via” normally refers to any recessed feature such as a hole, 
line or other similar feature formed Within a dielectric layer 
that provides an electrical connection through the dielectric 
layer to a conductive layer underlying the dielectric layer. 
Similarly, recessed features containing metal layers connect 
ing tWo or more vias are normally referred to as trenches. 
A long-recognized objective in the constant advancement 

of IC technology is the scaling doWn of IC dimensions. Such 
scale doWn of IC dimensions reduces area capacitance and is 
critical to obtaining higher speed performance of ICs. More 
over, reducing the area of an IC die leads to higher yield in IC 
fabrication. These advances are driving forces to constantly 
scale doWn IC dimensions. An increase in device perfor 
mance is normally accompanied by a decrease in device area 
or an increase in device density. An increase in device density 
requires a decrease in via dimensions used to form intercon 
nects, including a larger aspect ratio (i.e., depth to Width 
ratio). As the minimum feature dimensions on patterned sub 
strates (Wafers) steadily decreases, several consequences of 
this doWnWard scaling are becoming apparent. For example, 
the recessed features are becoming so small that voids in bulk 
metal ?lling of the recessed features are unacceptable. As the 
Width of metal lines is scaled doWn to smaller submicron and 
even nanometer dimensions, electromigration failure, Which 
may lead to open and extruded metal lines, is noW a Well 
recogniZed problem. Moreover, as dimensions of metal lines 
further decrease, metal line resistivity increases substantially, 
and this increase in line resistivity may adversely affect cir 
cuit performance. 
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2 
The introduction of Cu metal into multilayer metalliZation 

schemes for manufacturing integrated circuits is enabled by 
the damascene Cu plating process and is noW extensively 
used by manufacturers of advanced microprocessors and 
application-speci?c circuits. HoWever, Cu metal cannot be 
put in direct contact With dielectric materials since Cu metal 
has poor adhesion to the dielectric materials and Cu is knoWn 
to easily diffuse into common integrated circuit materials 
such as silicon and dielectric materials Where Cu is a mid 
bandgap impurity. Furthermore, oxygen can diffuse from an 
oxygen-containing dielectric material into Cu, thereby 
decreasing the electrical conductivity of the Cu metal. There 
fore, a diffusion barrier material is formed on dielectric mate 
rials and other materials in the integrated circuits to surround 
the Cu metal and prevent diffusion of the Cu into the inte 
grated circuit materials. 
A tantalum nitride/tantalum (TaN/ Ta) bilayer is commonly 

used as a dif?lsionbarrier/adhesion layer for Cu metalliZation 
since the TaN barrier layer adheres Well to oxides and pro 
vides a good barrier to Cu diffusion and the Ta adhesion layer 
Wets Well to both TaN on Which it is formed and to the Cu 
metal formed over it. HoWever, Ta is normally deposited by 
sputtering or plasma processing methods, Which are unable to 
provide conformal coverage over high aspect ratio recessed 
features. Ruthenium (Ru) has been suggested to replace the 
Ta adhesion layer since it may be conformally deposited and 
it adheres Well to TaN and to Cu metal. HoWever, Cu metal 
liZation structures containing Ru metal ?lms have generally 
shoWed higher Cu resistivity than those containing the tradi 
tional TaN/ Ta bilayers, thereby increasing the electrical resis 
tance and adversely affecting the reliability of the semicon 
ductor device. 

Therefore, neW processing methods are needed for forming 
loW-resistivity recessed features containing a Ru metal ?lm 
integrated With bulk Cu metal. 

SUMMARY OF THE INVENTION 

A method is provided for forming loW-resistivity recessed 
features for Cu metalliZation of semiconductor devices. The 
recessed features can include vias and trenches traditionally 
found in integrated circuits. According to one embodiment, 
the method includes removing contaminants from a barrier 
?lm prior to Ru metal ?lm deposition on the barrier ?lm, in 
order to provide an improved Ru metal ?lm/barrier ?lm inter 
face and an improved Ru metal ?lm for bulk Cu metal ?lling 
of the recessed features. 

According to one embodiment of the invention, the method 
includes providing a patterned substrate containing a 
recessed feature, depositing a barrier ?lm in the recessed 
feature in a barrier ?lm deposition chamber, transferring the 
patterned substrate from the barrier ?lm deposition chamber 
to a Ru metal deposition chamber, heat-treating the barrier 
?lm in the presence of a H2-containing gas in the Ru metal 
deposition chamber, and depositing a Ru metal ?lm on the 
heat-treated barrier ?lm. The method further includes, depos 
iting a Cu seed layer on the Ru metal ?lm and ?lling the 
recessed feature With bulk Cu metal. In other embodiments, 
the method further includes heat-treating the Ru metal ?lm 
and the Cu seed layer prior to the bulk Cu metal ?lling. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the draWings: 
FIGS. 1A-1F schematically shoW cross-sectional vieWs of 

a process for forming a loW-resistivity recessed feature in Cu 
metalliZation according to an embodiment of the invention; 
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FIGS. 2A and 2B schematically show substrate tempera 
ture and H2-containing gas ?oW during heat-treating of a 
barrier ?lm and subsequent Ru metal deposition according to 
embodiments of the invention; 

FIG. 3 is a process How diagram for bulk Cu metal ?lling of 
a recessed feature according to an embodiment of the inven 
tion; and 

FIGS. 4A and 4B schematically shoW cross-sectional 
vieWs of additional recessed features according to embodi 
ments of the invention. 

DETAILED DESCRIPTION OF SEVERAL 
EMBODIMENTS OF THE INVENTION 

Method for forming loW-resistivity recessed features for 
Cu metalliZation of semiconductor devices is disclosed in 
several embodiments. The current inventors have studied 
manufacturing of semiconductor devices containing a pat 
terned substrate containing a recessed feature, a barrier ?lm in 
the recessed feature, a conformal Ru metal ?lm on the barrier 
?lm, and bulk Cu metal ?lling the recessed feature. In one 
example, prior to Ru metal deposition, the barrier ?lm 
became oxidized due to high reactivity of the barrier ?lm 
toWards oxygen-containing background gases in a Ru metal 
deposition chamber. Subsequently, initial stages of Ru chemi 
cal vapor deposition (CVD) formed loW Ru seed (nuclei) 
density on the oxidized barrier ?lm compared to on an unoxi 
diZed barrier ?lm. The loW Ru seed density on the oxidiZed 
barrier ?lm led to deposition of a Ru metal ?lm With high ?lm 
roughness increased electrical resistivity of the bulk Cu metal 
?lled recessed feature due to high levels of electron scatter 
ing, poor adhesion betWeen the oxidiZed barrier ?lm and the 
Ru metal ?lm, and reliability issues in the semiconductor 
device. 

Embodiments of the invention remove contaminants from 
an oxidiZed barrier ?lm prior to deposition of the Ru metal 
?lm, thereby providing an improved barrier ?lm surface for 
deposition of the Ru metal ?lm. Embodiments of the inven 
tion include heat-treating the oxidiZed barrier ?lm by expos 
ing it to a H2-containing gas during or both during and fol 
loWing ramping up of the temperature of the patterned 
substrate to the Ru metal deposition temperature. The heat 
treating chemically reduces the oxidiZed barrier ?lm Which 
improves formation of Ru seeds during initial stages of Ru 
metal deposition on the barrier ?lm and subsequent bulk Cu 
metal ?lling of the recessed feature. Embodiments of the 
invention enable device manufacturers to integrate barrier 
?lms With highly conformal Ru metal ?lms and void-free 
bulk Cu metal ?lling of high-aspect-ratio recessed features. 
One skilled in the relevant art Will recogniZe that the vari 

ous embodiments may be practiced Without one or more of 
the speci?c details, or With other replacement and/or addi 
tional methods, materials, or component. In other instances, 
Well-knoWn structures, materials, or operations are not shoWn 
or described in detail to avoid obscuring aspects of various 
embodiments of the invention. Similarly, for purposes of 
explanation, speci?c numbers, materials, and con?gurations 
are set forth in order to provide a thorough understanding of 
the invention. Furthermore, it is understood that the various 
embodiments shoWn in the ?gures are illustrative representa 
tions and are not necessary draWn to scale. 

Reference throughout this speci?cation to “one embodi 
ment” or “an embodiment” means that a particular feature, 
structure, material, or characteristic described in connection 
With the embodiment is included in at least one embodiment 
of the invention, but do not denote that they are present in 
every embodiment. Thus, the appearances of the phrases “in 
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4 
one embodiment” or “in an embodiment” in various places 
throughout this speci?cation are not necessarily referring to 
the same embodiment of the invention. 

FIGS. 1A-1F schematically shoW cross-sectional vieWs of 
a process for forming a loW-resistivity recessed feature in Cu 
metalliZation according to an embodiment of the invention. 
FIG. 1A shoWs a patterned substrate 100, for example a Si 
substrate or a dielectric ?lm. The dielectric ?lm may contain 
SiO2, SiON, SiN, or a loW dielectric constant (loW-k) material 
having a dielectric constant less than that of SiO2 (k~3.9). 
Common loW-k materials can contain simple or complex 
compounds of Si, O, N, C, H, or halogens, either as dense or 
porous materials. A recessed feature 1 is formed in the pat 
temed substrate 100. The recessed feature 1 can, for example, 
be a via or a contact structure having an aspect ratio (depth/ 
Width) greater than or equal to about 2: 1, for example 3: 1, 4: 1, 
5:1, 6:1, 12:1, 15:1, or higher. The via/contact can have a 
Width of about 200 nm or less, for example 150 nm, 100 nm, 
65 nm, 45 nm, 32 nm, 22 nm, or less. HoWever, embodiments 
of the invention are not limited to these aspect ratios or via/ 
contact Widths, as other aspect ratios and via/ contact Widths 
may be utiliZed. Processing methods for forming the recessed 
feature 1 in the patterned substrate 100 depicted in FIG. 1A 
are Well knoWn to one skilled in the art. 

FIG. 1B shoWs a recessed feature 2 in Which a barrier ?lm 
102 is formed on the patterned substrate 100, including in the 
recessed feature 1 of FIG. 1A. The barrier ?lm 102 can, for 
example, be deposited in a barrier ?lm deposition chamber 
and can include a tantalum(Ta)-containing ?lm (e.g., TaN, 
TaC, or TaCN), a titanium(Ti)-containing ?lm (e.g., TiN, TiC, 
or TiCN), or a tungsten(W)-containing ?lm (e.g., WN, WC, 
or WCN), or a combination thereof. The combination may 
include tWo or more separate TaN, TiN, and WN ?lms, for 
example TaN/TiN or TaN/WN. A thickness of the barrier ?lm 
102 can, for example, be betWeen about 1 nm (nm:10_9 m) 
and about 10 nm, or betWeen about 2 nm and about 5 nm, for 
example about 4 nm. The barrier ?lm 102 may be deposited 
by a variety of different deposition methods knoWn by one of 
ordinary skill in the art, including, but not limited to, CVD, 
pulsed CVD, plasma-enhanced CVD (PECVD), atomic layer 
deposition (ALD), plasma-enhancedALD (PEALD), or sput 
tering methods. In one example, the barrier ?lm 102 may be 
conformally deposited over a high-aspect-ratio recessed fea 
ture 1. 
A Wide variety of Ta-, Ti-, and W-containing precursors 

may be utiliZed for depositing the barrier ?lm 102. Represen 
tative examples of Ta-containing precursors include 
Ta(NMe2)5 (pentakis(dimethylamido)tantalum, PDMAT), 
Ta(NEtMe)5 (pentakis(ethylmethylamido)tantalum, 
PEMAT), (tBuN)Ta(NMe2)3 (ter‘t-butylimido tris(dimethyla 
mido)tantalum, TBTDMT), (tBuN)Ta(NEt2)3 (tert-butyl 
imido tris(diethylamido)tantalum, TBTDET), (tBuN)Ta 
(NEtMe)3 (ter‘t-butylimido tris(ethylmethylamido)tantalum, 
TBTEMT), (EtMe2CN)Ta(NMe2)3 (tert-amylimido tris(dim 
ethylamido)tantalum, TAIMATA), (iPrN)Ta(NEt2)3 (iso-pro 
pylimido tris(diethylamido)tantalum, IPTDET), Ta2(OEt)1O 
(tantalum penta-ethoxide, TAETO), (Me2NCH2CH2O)Ta 
(OEt)4 (dimethylaminoethoxy tantalum tetra-ethoxide, TAT 
DMAE), and TaCl5 (tantalum pentachloride). Representative 
examples of Ti-containing precursors include Ti(NEt2)4 (tet 
rakis(diethylamido)titanium, TDEAT), Ti(NMeEt)4 (tetrakis 
(ethylmethylamido)titanium, TEMAT), Ti(NMe2)4 (tetrakis 
(dimethylamido)titanium, TD MAT), Ti (TH D)3 (tris(2,2,6, 
6-tetramethyl-3,5-heptanedionato)titanium), and TiCl4 
(titanium tetrachloride). Representative examples of W-con 
taining precursors include W(CO)6 (tungsten hexacarbonyl), 
WP6 (tungsten hexa?uoride), and (tBuN)2W(NMe2)2 (bis 
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(tert-butylimido)bis(dimethylamido)tungsten, BTBMW). In 
the above precursors, as well as precursors described below, 
the following abbreviations are used: Me: methyl; Et: ethyl; 
iPr: isopropyl; tBu: tert-butyl; Cp: cyclopentadienyl; and 
THD: 2,2,6,6-tetramethyl-3,5-heptanedionate. In some 
examples, a nitrogen-containing gas such as ammonia (N H3) 
or hydrazine (N2H4) may be utiliZed as a source of nitrogen 
when depositing the barrier ?lm 102. 

Following deposition of the barrier ?lm 102, the patterned 
substrate 100 is transferred from the barrier ?lm deposition 
chamber to a Ru metal deposition chamber. Once in the Ru 
metal deposition chamber, the patterned substrate 100 is posi 
tioned on a substrate holder and the temperature of the pat 
terned substrate 100 is ramped up to the Ru metal deposition 
temperature. The current inventors have realiZed that the bar 
rier ?lm 102 may be highly reactive towards oxygen-contain 
ing background gases encountered during the transfer to the 
Ru metal deposition chamber and/or in the Ru metal deposi 
tion chamber. Exposure of the barrier ?lm 102 to these oxy 
gen-containing gases can result in oxidation through at least a 
portion of a thickness of the barrier ?lm 102 and formation of 
a recessed feature 3 containing an oxidiZed barrier ?lm 10211, 
as shown in FIG. 1C. In particular, oxidation of the barrier 
?lm 102 may occur during a temperature ramp up of the 
patterned substrate 100 to a Ru metal deposition temperature 
in the Ru metal deposition chamber, prior to Ru metal depo 
sition. Ru metal deposition chambers commonly use a gas 
eous Ru precursor along with a carrier gas that aids in the 
gaseous transfer of the Ru precursor vapor from a precursor 
vaporization system to the Ru metal deposition chamber 
where a Ru metal ?lm is deposited on the heated patterned 
substrate 100. These Ru metal deposition chambers often 
contain oxygen-containing background gases that may origi 
nate from oxygen-containing process gases (e.g., Ru3(CO)l2 
and CO carrier gas) or other oxygen-containing gases such as 
H20 and CO2 that are commonly found in Ru metal deposi 
tion chambers and in other vacuum chambers. In addition to 
oxygen-containing background gases, the barrier ?lm 102 
may be exposed to carbon-containing gases, resulting in car 
bon contamination on the barrier ?lm 102. 

According to an embodiment of the invention, the pat 
terned substrate 100 may be exposed to a H2-containing gas 
during, following, or both during and following the tempera 
ture ramp up, prior to deposition of the Ru metal ?lm in the Ru 
metal deposition chamber. FIG. 1D schematically shows a 
recessed feature 4 having a heat-treated barrier ?lm 102!) 
formed by heat-treating the oxidiZed barrier ?lm 10211 in 
recessed feature 3. 

FIG. 2A schematically shows substrate temperature and 
H2-containing gas ?ow during heat-treating of an oxidiZed 
barrier ?lm and subsequent Ru metal deposition according to 
one embodiment of the invention. In the embodiment 
depicted in FIG. 2A, the patterned substrate 100 containing 
the oxidiZed barrier ?lm 102a depicted in FIG. 1C is exposed 
to a H2-containing gas during a temperature ramp up from 
temperature T l (e. g., substrate holder idle temperature) at 
time tl to temperature T2 (e.g., about 2000 C. for Ru metal 
deposition from Ru3(CO)l2) at time t2. In FIG. 2A, the pat 
terned substrate 100 is further exposed to the H2-containing 
gas while the patterned substrate 100 is maintained at the 
temperature T2 prior to start of the Ru metal deposition at time 
I,. 

Other embodiments may utiliZe other temperature pro?les 
and other H2-containing gas ?ows. In another embodiment 
depicted in FIG. 2B, the H2-containing gas exposure is 
stopped at time t2‘ and at a temperature T2‘ lower than T2. 
Another embodiment (not shown) includes ramping the sub 
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6 
strate temperature to temperature T2‘ greater than T2 during an 
H2-containing gas exposure, stopping the H2-containing gas 
expo sure at the temperature T2‘, and lowering the temperature 
from T2‘ to T2 prior to the Ru metal deposition. Still other 
embodiments include exposing the patterned substrate 100 to 
a H2-containing gas prior to and during the Ru metal deposi 
tion. 

According to embodiments of the invention, the HZ-con 
taining gas can include pure H2, or a combination of H2 and an 
inert gas. The inert gas may be selected from N2 and noble 
gases (i.e., He, Ne, Ar, Kr, and Xe). Furthermore, the HZ-con 
taining gas may be plasma excited or non-plasma excited. 
Combinations of H2 and an inert gas can, for example, include 
90% H2 or less, for example 80%, 60%, 20%, 10%, 5%, or 
less, and balance inert gas. Exemplary heat-treating condi 
tions further include a gas pressure between about 1 Torr and 
about 1000 Torr, and exposure times between about 1 min and 
about 30 minutes, but embodiments of the invention are not 
limited by these heat-treating conditions as other heat-treat 
ing conditions may be utiliZed. In some embodiments of the 
invention, the gas pressure can be between about 0.1 Torr and 
about 100 Torr, or between about 0.5 Torr and about 10 Torr. 

Still referring to FIGS. 2A and 2B, at time t3, a Ru metal 
?lm 104 depicted in FIG. IE is deposited on the heat-treated 
barrier ?lm 10219 to form recessed feature 5, including depo 
sition on the ?eld area 105a around the recessed feature 5, and 
on the sidewall 10519 and the bottom surface 1050 in the 
recessed feature 5. The Ru metal deposition ends at t4 and the 
temperature is ramped down. A thickness of the Ru metal ?lm 
104 can, for example, be between about 0.5 nm and about 5 
nm, orbetween about 1 nm and about 3 nm, for example about 
2 nm. An exemplary Ru CVD process using a Ru3COl2 
precursor and a CO carrier gas is described in US. patent 
application Ser. No. l0/996,l45, entitled METHOD AND 
DEPOSITION SYSTEM FOR INCREASING DEPOSI 
TION RATES OF METAL LAYERS FROM METAL-CAR 
BONYL PRECURSORS, the entire content of which is 
incorporated herein by reference. In another example, the Ru 
metal ?lm 104 may be deposited by a CVD process utiliZing 
a ruthenium metalorganic precursor. Exemplary ruthenium 
metalorganic precursors include (2,4-dimethylpentadienyl) 
(ethylcyclopentadienyl) ruthenium (Ru(DMPD)(EtCp)), bis 
(2,4-dimethylpentadienyl)ruthenium (Ru(DMPD)2), 4-dim 
ethylpentadienyl)(methylcyclopentadienyl)ruthenium (Ru 
(DMPD)(MeCp)), and bis(ethylcyclopentadienyl)ruthenium 
(Ru(EtCp)2), as well as combinations of these and other pre 
cursors. Other examples for depositing the Ru metal ?lm 104 
include sputtering methods using a solid Ru metal target. 
According to one embodiment of the invention, the heat 
treated barrier ?lm 1021) may be at least partially removed 
from the bottom surface 1050 of the recessed feature 5 prior to 
depositing the Ru metal ?lm 104. 

FIG. 1F shows a recessed feature 6 in which a Cu seed layer 
106 is deposited on the Ru metal ?lm 104 of recessed feature 
5. The Cu seed layer 106 is discontinuous and may be depos 
ited by a directional sputtering process (e.g., by ioniZed 
physical vapor deposition (IPVD)) from a solid Cu target. An 
exemplary IPVD system is described in US. Pat. No. 6,287, 
435, but other types of sputtering systems may be used. The 
directional character of the Cu sputtering process preferably 
deposits Cu metal on the ?eld area 105a and on the bottom 
surface 1050, with little or no Cu metal deposited on the 
sidewall 1 05b. Although not shown in FIG. 1F, some Cu metal 
may also be deposited on the sidewall 10519 with exposed 
areas of the Ru metal ?lm 104 between the Cu metal. In one 
example, the Cu seed layer 106 may have very low step 
coverage (ratio of Cu thickness on the sidewall 10519 and on 
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the ?eld area 105a), for example less than 10%. A thickness of 
Cu seed layer 106 on the ?eld area 105a and on the bottom 
surface 1050 can, for example, be between about 0.5 nm and 
about 50 nm, or betWeen about 1 nm and about 20 nm, for 
example about 5 to 10 nm. According to another embodiment 
of the invention, the Cu seed layer 106 may be conformally 
deposited over the Ru metal ?lm 104 using a resputtering of 
the Cu seed layer or a Cu CVD process. According to one 
embodiment of the invention, the heat-treated barrier ?lm 
10219 and the Ru metal ?lm 104 may be at least partially 
removed from a bottom surface 1050 of the recessed feature 5 
prior to depositing the Cu seed layer 106. 
When used With the Ru metal ?lm 104, the Cu seed layer 

1 06 may be thinner than a conventional Cu seed layer used for 
Cu plating (e.g., a Cu seed layer on a Ta layer), Where the Cu 
thickness is commonly greater than about 50 nm. Impor 
tantly, only a small amount of Cu needs to be deposited inside 
the recessed feature 6 for good Cu plating results. In FIG. IF, 
the Cu seed layer 106 is relatively thick on the ?eld area 105a, 
thereby providing a loW-resistivity path for conducting cur 
rent from the substrate edge (e.g., substrate edge of a 300 mm 
Si Wafer) to the entire surface of the substrate. As those skilled 
in the art Will readily recognize, the amount of Cu metal 
deposited in the recessed feature 6 Will depend on the Widths 
and depths of the recessed feature 6. Furthermore, since scal 
ing of future semiconductor devices Will continue to ever 
smaller minimum feature siZes, Widths of recessed features 
Will continue to decrease and depths Will continue to increase. 
Therefore, the amount of the Cu metal inside the recessed 
features Will continue to decrease. HoWever, embodiments of 
the invention require little Cu metal to be deposited inside the 
recessed feature 6, thereby providing a method for success 
fully performing Cu metalliZation for the future scaling of 
semiconductor devices. A role of a discontinuous Cu seed 
layer that is relatively thick on the ?eld area 105a (compared 
to in the recessed feature 6) includes reducing the terminal 
(‘resistive substrate’) effect that is commonly encountered in 
electrochemical plating processing Where a non-uniform 
thickness of the plated Cu layer over the Whole substrate 
(Wafer) is ob served. The terminal effect is the tendency for the 
current density to be non-uniform as a result of the ohmic 
potential drop associated With conducting current from the 
substrate edge to the entire substrate surface through a thin 
resistive layer. 

Further processing of the recessed feature 6 depicted in 
FIG. 1F includes bulk Cu metal ?lling of the recessed feature 
6. Bulk Cu metal deposition processes are Well knoWn by one 
of ordinary skill in the art of circuit fabrication and can, for 
example, include an electrochemical plating process or an 
electroless plating process. For example, a planariZed bulk Cu 
metal ?ll (not shoWn) may be formed by a Cu plating process 
and a Cu planariZation process (e.g., chemical mechanical 
polishing (CMP)) that removes extra plated Cu metal from 
the patterned substrate 100. 

Prior to Cu plating, the patterned substrate 100 depicted in 
FIG. 1F is transferred in air to a Cu plating bath in a Cu plating 
system. During the transfer, the patterned substrate 100 is 
exposed to oxidation sources in the air, including Water (H20) 
and oxygen (O2). The air exposure may last a feW hours and 
cause at least partial oxidation through a thickness of the Cu 
seed layer 106 and the portion of the Ru metal ?lm 104 on the 
sideWall 10519 that is not covered by the Cu seed layer 106. 
While any oxidiZed Cu is dissolved in the Cu plating bath 
during a subsequent Cu plating process and does therefore not 
cause a problem, the presence of an oxidiZed Ru metal ?lm in 
the recessed feature 6 can have detrimental effect on bulk Cu 
metal ?lling of the recessed feature 6, resulting in voids on or 
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8 
near the oxidiZed Ru metal ?lm in the bulk Cu metal ?ll. As is 
Well knoWn to those skilled in the art, the presence of the voids 
in the incomplete bulk Cu metal ?ll increases the electrical 
resistance and adversely affects the reliability of the semicon 
ductor device. 

Thus, according to yet another embodiment of the inven 
tion, the Ru metal ?lm 104 and the Cu seed layer 106 in FIG. 
1F may be further heat-treated at a temperature betWeen 
about 100° C. and about 4000 C. to remove contaminants such 
as oxygen from the Ru metal ?lm 104. The Ru metal ?lm 104 
and the Cu seed layer 106 may be heat-treated under high 
vacuum conditions (e.g., gas pressure of about 1 mTorr, or 
loWer) or in the presence of an inert gas but not H2 to activate 
the Ru metal ?lm for Cu plating. The inert gas can, for 
example, be selected from a noble gas and N2. An exemplary 
heat treatment of the Ru metal ?lm 104 and Cu seed layer in 
FIG. 1F can include a gas pressure of 3 Torr and process time 
of 30 minutes, but other heat-treating conditions may be 
utiliZed. For example, the inert gas pressure can be betWeen 
about 0.1 Torr and about 760 Torr, or the gas pressure can be 
betWeen about 0.5 Torr and about 10 Torr. Exemplary heat 
treating of the Ru metal ?lm 104 and the Cu seed layer 106 in 
FIG. 1F is described in US. patent application Ser. No. 
11/864,566, entitled VOID-FREE COPPER FILLING OF 
RECESSED FEATURES FOR SEMICONDUCTOR 
DEVICES, the entire content of Which is incorporated herein 
by reference. 

According to one embodiment of the invention, the Ru 
metal ?lm 104 in FIG. 1E, may be heat-treated at a tempera 
ture betWeen about 1000 C. and about 4000 C. prior to depo 
sition of the Cu seed layer 106. During the heat-treating, the 
Ru metal ?lm 104 may be exposed to H2, or a combination of 
an inert gas and H2, With or Without a plasma. The inert gas 
can, for example, be selected from a noble gas and N2. A 
combination of an inert gas and H2 can, for example, include 
a H2/Ar mixture. Combinations of H2 and an inert gas can, for 
example, include 90% H2 or less, for example 80%, 60%, 
20%, 10%, 5%, or less, and balance inert gas. It is believed 
that the heat-treating is effective to remove contaminants such 
as carbon and oxygen from the Ru metal ?lm 104, thereby 
increasing the adhesion of the Cu seed layer 106 and the bulk 
Cu metal ?ll to the Ru metal ?lm 104. An exemplary heat 
treatment of the Ru metal ?lm 104 includes a gas pressure of 
3 Torr and process time of 30 minutes, but other heat-treating 
conditions may be utiliZed. For example, the gas pressure can 
be betWeen about 0.1 Torr and about 760 Torr, or the gas 
pressure can be betWeen about 0.5 Torr and about 10 Torr. 

According to still another embodiment of the invention, the 
patterned substrate 100 in FIG. 1G may be heat-treated at a 
temperature betWeen about 1000 C. and about 4000 C. fol 
loWing the Cu plating and planariZation process to reduce the 
electrical resistivity of the planariZed bulk Cu metal ?ll 106a. 
During the heat-treating, the bulk Cu metal ?ll 106a may be 
exposed to an inert gas, H2, or a combination of an inert gas 
and H2. The inert gas can, for example, be selected from a 
noble gas and N2. A combination of an inert gas and H2 can, 
for example, include a H2/Ar mixture. Combinations of H2 
and an inert gas can, for example, include 90% H2 or less, for 
example 80%, 60%, 20%, 10%, 5%, or less, and balance inert 
gas. An exemplary heat treatment of the bulk Cu metal ?ll 
106a includes a gas pressure of 3 Torr and process time of 30 
minutes, but embodiments of the invention are not limited by 
these processing conditions as other heat-treating conditions 
may be utiliZed. For example, the gas pressure can be betWeen 
about 0.1 Toff and about 760 Torr. In some embodiments of 
the invention, the gas pressure can be betWeen about 0.5 Toff 
and about 10 Torr. Exemplary heat-treating of the Ru metal 
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?lm 104 in FIG. 1E and the bulk Cu metal ?ll 10611 in FIG. 1G 
are described in Ser. No. 10/ 693,298, entitled METHOD OF 
FORMING LOW-RESISTIVITY COPPER FILM STRUC 
TURE, the entire content of Which is incorporated herein by 
reference. 

FIG. 3 is a process How diagram for bulk Cu metal ?lling of 
a recessed feature according to an embodiment of the inven 
tion. The steps of the process How diagram in FIG. 3 have 
been described above. It should be noted that in this applica 
tion, the term “step” does not prohibit tWo steps from being 
performed simultaneously or partially overlapping in time. In 
FIG. 3, the process 300 includes: in step 302, providing a 
patterned substrate containing a recessed feature. The 
recessed feature can, for example, contain a via, a trench, or a 
combination thereof, and can be formed in a Si substrate or in 
a dielectric ?lm. In step 304, a barrier ?lm is deposited in the 
recessed feature in a barrier ?lm deposition chamber. The 
barrier ?lm can, for example, contain TaN, TaC, TaCN, TiN, 
TiC, TiCN, WN, WC, or WCN, or a combination thereof. 

The process 300 further includes, in step 306, transferring 
the patterned substrate from the barrier ?lm deposition cham 
ber to a Ru metal deposition chamber; and in step 308, heat 
treating the barrier ?lm in the presence of a H2-containing gas 
in the Ru metal deposition chamber prior to Ru metal ?lm 
deposition. The heat-treating in step 306 can include expos 
ing the barrier ?lm to H2 gas or a combination of H2 gas and 
an inert gas. The heat-treating of the barrier ?lm can be 
performed during, folloWing, or both during and folloWing a 
temperature ramp up, prior to deposition of a Ru metal ?lm on 
the patterned substrate in the Ru metal deposition chamber. 
The process 300 further includes: in step 308, depositing a Ru 
metal ?lm on the heat-treated barrier ?lm. According to one 
embodiment, the Ru metal ?lm can be deposited by exposing 
the patterned substrate to a process gas containing Ru3(CO)l 2 
and CO. 

In step 310, a Cu seed layer is deposited on the Ru metal 
?lm. According to one embodiment, the Cu seed layer can be 
discontinuous and cover only a portion of the Ru metal ?lm in 
the recessed feature. In step 312, the recessed feature is ?lled 
With bulk Cu metal. According to one embodiment, prior to 
depositing the Cu seed layer in step 310, the Ru metal ?lm 
may be heat-treated at a temperature betWeen about 1000 C. 
and about 4000 C. in the presence of H2 gas or a combination 
of an inert gas and H2 gas. According to another embodiment, 
the Ru metal ?lm and the Cu seed layer may be heat-treated 
under high-vacuum conditions or in the presence of an inert 
gas but not H2 gas, prior to ?lling the recessed feature With 
bulk Cu metal in step 314. 
An exemplary recessed feature 1 Was illustrated and 

described above in FIG. 1A, but embodiments of the inven 
tion may be applied to other types of recessed features found 
in integrated circuit design. FIGS. 4A-4B schematically shoW 
cross-sectional vieWs of other recessed features according to 
additional embodiments of the invention. As Will be appreci 
ated by one of ordinary skill in the art, embodiments of the 
invention can be readily applied to the recessed features 
depicted in FIGS. 4A and 4B. 

FIG. 4A schematically shoWs a cross-sectional vieW of a 
dual damascene interconnect structure. Dual damascene 
interconnect structures are Well knoWn by one of ordinary 
skill in the art of integrated circuit fabrication. The dual 
damascene interconnect structure depicted in FIG. 4A con 
tains a dual damascene interconnect recessed feature 524 
formed over a conductive interconnect structure 522. The 
dual damascene interconnect recessed feature 524 contains a 
via 528 having sideWall and bottom surfaces 528a and 528b, 
respectively, and a trench 526 formed in dielectric ?lm 518, 
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Where the trench 526 contains sideWall and bottom surfaces 
526a and 526b, respectively. The trench 526 may be used for 
an upper conductive interconnect structure and the via 528 
connects the trench 526 to the conductive interconnect struc 
ture 522. The interconnect structure further contains dielec 
tric layers 512 and 514, barrier ?lm 520 surrounding the 
conductive interconnect structure 522, and etch stop layer 
516.According to one embodiment, folloWing deposition of a 
barrier ?lm in the dual damascene interconnect recessed fea 
ture 524, at least a portion of the barrier ?lm may be removed 
by plasma etching from the bottom surface 5281) prior to 
depositing a Ru metal ?lm in the dual damascene intercon 
nect recessed feature 524. The plasma etching provides for 
directly contacting the Ru metal ?lm to the conductive inter 
connect structure 522. According to another embodiment, at 
least a portion of the barrier ?lm and the Ru metal ?lm may be 
removed by plasma etching from the bottom surface 528b, 
thereby providing for directly contacting a bulk Cu metal ?ll 
in the dual damascene interconnect recessed feature 524 to 
the conductive interconnect structure 522. 

FIG. 4B schematically shoWs a cross-sectional vieW of a 
patterned structure according to another embodiment of the 
invention. The patterned structure contains a recessed feature 
505a formed in a dielectric ?lm 502 and a conductive layer 
503a formed on a gate electrode 506 at the bottom of the 
recessed feature 50511. The gate electrode 506 is part of a gate 
structure that further contains a gate dielectric ?lm 507. The 
gate dielectric ?lm 507 can contain SiO2, SiOxNy, SiNy, or a 
high dielectric constant (high-k) material having a dielectric 
constant greater than that of SiO2 (k~3.9), or a combination 
thereof. High-k materials can include metal oxides, metal 
oxynitrides, and their silicates, for example Ta2O5, TiO2, 
ZrO2, A1203, Y2O3, HfOxNy, HfSiOxNy, HfSiOx, HfO2, 
ZrO2, ZrSiOx, ZrOxNy, ZrSiOxNy, TaSiOx, SrOx, SrSiOx, 
LaOx, LaSiOx, YOX, YSiOx, or BaO, or combinations of tWo 
or more thereof. 

Furthermore, the patterned structure in FIG. 4B contains a 
recessed feature 505!) formed in the dielectric ?lm 502 and a 
conductive layer 503!) formed on a doped substrate region 
501 (e.g., a drain or a source region) in the substrate 500 at the 
bottom of the recessed feature 50519. The substrate 500 can, 
for example, be a 200 mm Si Wafer, a 300 mm Si Wafer, or an 
even larger Si Wafer. The dielectric ?lm 502 can contain SiO2, 
SiON, SiN, or a loW dielectric constant (loW-k) material hav 
ing a dielectric constant less than that of SiO2 (K~3.9). Com 
mon loW-k materials can contain simple or complex com 
pounds of Si, O, N, C, H, and/or halogens, either as dense or 
porous materials. According to an embodiment of the inven 
tion, the recessed features 505a, 5051) can be vias With aspect 
ratios (depth/Width) greater than or equal to about 2, for 
example 3, 4, 5, 6, 7, l2, 15, or higher. The vias can have 
Widths of about 200 nm or less, for example 150 nm, 100 nm, 
65 nm, 45 nm, 32 nm, 20 nm, or loWer. In one example, the 
recessed features 505a, 5051) can be 45 nm Wide vias With 
aspect ratios of about 7. HoWever, embodiments of the inven 
tion are not limited to these aspect ratios or via Widths, as 
other aspect ratios or via Widths may be utiliZed. The conduc 
tive layers 503a and 5031) can include silicide contact layers 
that provide thin stable electrical contacts and can, for 
example, contain CoSi2, PtSi, PdZSi, TiSi2, WSi2, NiSi2, or 
TaSi2, or a combination of tWo or more thereof. One combi 
nation may contain PtNiSi that alloWs the use of higher pro 
cessing temperatures than NiSi2. Processing methods for 
forming the patterned structures depicted in FIGS. 4A and 4B 
are Well knoWn to one skilled in the art. 
A plurality of embodiments for forming loW-resistivity 

recessed features for Cu metalliZation of semiconductor 
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devices has been disclosed in various embodiments. The 
recessed features can include vias and trenches traditionally 
found in integrated circuits. The foregoing description of the 
embodiments of the invention has been presented for the 
purposes of illustration and description. It is not intended to 
be exhaustive or to limit the invention to the precise forms 
disclosed. This description and the claims folloWing include 
terms that are used for descriptive purposes only and are not 
to be construed as limiting. For example, the term “on” as 
used herein (including in the claims) does not require that a 
?lm “on” a patterned substrate is directly on and in immediate 
contact With the substrate; there may be a second ?lm or other 
structure betWeen the ?lm and the patterned substrate. 

Persons skilled in the relevant art can appreciate that many 
modi?cations and variations are possible in light of the above 
teaching. Persons skilled in the art Will recogniZe various 
equivalent combinations and substitutions for various com 
ponents shoWn in the Figures. It is therefore intended that the 
scope of the invention be limited not by this detailed descrip 
tion, but rather by the claims appended hereto. 
What is claimed is: 
1. A method for forming a semiconductor device, the 

method comprising: 
providing a patterned substrate containing a recessed fea 

ture; 
depositing a barrier ?lm in the recessed feature in a barrier 
?lm deposition chamber; 

transferring the patterned substrate from the barrier ?lm 
deposition chamber to a Ru metal deposition chamber; 

heat-treating the barrier ?lm in the presence of a HZ-con 
taining gas in the Ru metal deposition chamber; 

depositing a Ru metal ?lm on the heat-treated barrier ?lm; 
depositing a discontinuous Cu seed layer on the Ru metal 
?lm so as to cover a portion of the Ru metal ?lm in the 
recessed feature; and 

?lling the recessed feature With bulk Cu metal. 
2. The method of claim 1, Wherein heat-treating the barrier 

?lm comprises: exposing the barrier ?lm to H2 gas or a com 
bination of an inert gas and H2 gas. 

3. The method of claim 2, Wherein the heat-treating further 
comprises: during the exposing, ramping up the temperature 
of the patterned substrate from a ?rst temperature to a second 
temperature suitable for Ru metal deposition, Wherein the 
second temperature is betWeen about 150° C. and about 4000 
C. 

4. The method of claim 1, Wherein depositing the Ru metal 
?lm comprises: exposing the patterned substrate to a process 
gas containing Ru3 (CO)l2 and CO. 

5. The method of claim 1, further comprising; 
prior to the ?lling, heat-treating the Cu seed layer and the 
Ru metal ?lm under high vacuum conditions or in the 
presence of an inert gas but not H2 gas to activate the Ru 
metal ?lm for Cu plating, Wherein the heat-treating fur 
ther includes maintaining the patterned substrate at tem 
perature betWeen about 100° C. and about 4000 C. 

6. The method of claim 1, Wherein the Cu seed layer is 
sputter deposited from a solid Cu target. 

7. The method of claim 1, further comprising: 
prior to depositing the Cu seed layer, heat-treating the Ru 

metal ?lm at a temperature betWeen about 1000 C. and 
about 4000 C. in the presence of H2 gas or a combination 
of an inert gas and H2 gas. 

8. The method of claim 1, further comprising: 
planariZing the bulk Cu metal; and 
heat-treating the planariZed bulk Cu metal at a temperature 

betWeen about 1000 C. and about 4000 C. in the presence 
of H2 gas or a combination of an inert gas and H2 gas. 

5 

10 

20 

25 

30 

40 

50 

55 

65 

12 
9. The method of claim 1, further comprising: 
at least partially removing the barrier ?lm from a bottom 

surface of the recessed feature prior to depositing the Ru 
metal ?lm. 

10. The method of claim 1, further comprising: 
at least partially removing the barrier ?lm and the Ru metal 
?lm from a bottom surface of the recessed feature prior 
to depositing the Cu seed layer. 

11. A method for forming a semiconductor device, the 
method comprising: 

providing a patterned substrate containing a recessed fea 
ture formed in a dielectric ?lm, the recessed feature 
containing a via, a trench, or a combination thereof; 

depositing a TaN or TaCN barrier ?lm in the recessed 
feature in a barrier ?lm deposition chamber; 

transferring the patterned substrate from the barrier ?lm 
deposition chamber to a Ru metal deposition chamber; 

heat-treating the barrier ?lm in the presence of a HZ-con 
taining gas in the Ru metal deposition chamber; 

depositing a Ru metal ?lm on the heat-treated barrier ?lm 
by exposing the patterned substrate to a process gas 
containing Ru3 (CO)l2 and CO; 

depositing a discontinuous Cu seed layer on the Ru metal 
?lm by sputter deposition, the Cu seed layer partially 
covering the Ru metal ?lm on a side Wall in the recessed 

feature; 
?lling the recessed feature With bulk Cu metal in an elec 

trochemical plating process or an electroless plating pro 
cess; and 

planariZing the bulk Cu metal ?ll. 
12. The method of claim 11, Wherein heat-treating the 

barrier ?lm comprises: 
exposing the barrier ?lm to H2 gas or a combination of an 

inert gas and H2 gas. 
13. The method of claim 12, Wherein the heat-treating 

further comprises: 
during the exposing, ramping up the temperature of the 

patterned substrate from a ?rst temperature to a second 
temperature suitable for Ru metal deposition, Wherein 
the second temperature is betWeen about 1500 C. and 
about 4000 C. 

14. The method of claim 11, further comprising: 
heat-treating the discontinuous Cu seed layer and the Ru 

metal ?lm under high vacuum conditions or in the pres 
ence of an inert gas but not H2 gas. 

15. The method of claim 11, Wherein the patterned sub 
strate contains a ?rst recessed feature formed in the dielectric 
?lm and a ?rst conductive layer formed on a gate electrode at 
the bottom of the ?rst recessed feature, the patterned substrate 
further containing a second recessed feature formed in the 
dielectric ?lm and a second conductive layer formed on a 
doped substrate region in the patterned substrate at the bottom 
of the second recessed feature, and Wherein the steps of the 
method are performed in each of the ?rst and second recessed 
features. 

16. The method of claim 11, further comprising: 
heat-treating the planariZed bulk Cu metal ?ll at a tempera 

ture betWeen about 1000 C. and about 4000 C. in the 
presence of H2 gas or a combination of an inert gas and 

H2 gas. 
17. A method for forming a semiconductor device, the 

method comprising: 
providing a patterned substrate containing a recessed fea 

ture; 
depositing a barrier ?lm in the recessed feature in a barrier 
?lm deposition chamber; 
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transferring the patterned substrate from the barrier ?lm, 
deposition chamber to a Ru metal deposition chamber; 

heat-treating the barrier ?lm in the presence of a HZ-con 
taining gas in the Ru metal deposition chamber by 
exposing the barrier ?lm to H2 gas or a combination of an 
inert gas and H2 gas While ramping up the temperature of 
the patterned substrate from a ?rst temperature to a 
second temperature suitable for Ru metal deposition, 
Wherein the second temperature is betWeen about 150° 
C. and about 4000 C.; 

depositing a Ru metal ?lm on the heat-treated barrier ?lm; 
heat-treating the Ru metal ?lm at a temperature betWeen 

about 100° C. and about 4000 C. in the presence of H2 
gas or a combination of an inert gas and H2 gas; 

depositing a Cu seed layer on the Ru metal ?lm; and 
?lling the recessed feature With bulk Cu metal. 
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18. The method of claim 17, Wherein depositing the Cu 

seed layer comprises: 
depositing a discontinuous Cu seed layer on the Ru metal 

?n, the Cu seed layer covering a portion of the Ru metal 
?lm in the recessed feature. 

19. The method of claim 18, further comprising: 
heat-treating the discontinuous Cu seed layer and the Ru 

metal ?lm under high Vacuum conditions or in the pres 
ence of an inert gas but not H2 gas. 

20. The method of claim 17, further comprising: 
planariZing the bulk Cu metal; and 
heat-treating the planariZed bulk Cu metal at a temperature 

betWeen about 1000 C. and about 4000 C. in the presence 
of H2 gas or a combination of an inert gas and H2 gas. 

* * * * * 
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3, line 66, “but do not denote” should read --but does not denote--. 

8, line 49, “substrate 100 in FIG. 1G may be” should read --substrate 100 may be--. 

8, line 52, “bulk Cu metal ?ll 106a.” should read --bulk Cu metal ?ll.--. 

8, line 53, “bulk Cu metal ?ll 106a may be” should read --bulk Cu metal ?ll may be--. 

8, lines 60-61, ““metal ?ll 106a includes” should read --metal ?ll includes--. 

8, line 65, “0.1 Toff’ should read --0.1 Torr--. 

8, line 66, “about 0.5 Toff’ should read --about 0.5 Torr--. 

9, line 1, “metal ?ll 106a in FIG. 1G are” should read --metal ?ll are--. 

9, line 2, “Ser. No. 10/693,298” should read --Ser. No. 11/693,298--. 

11, line 49, Claim 5, “further comprising” should read --further comprising:--. 

13, lines 1-2, Claim 17, “barrier ?lm, deposition” should read --barrier ?lm deposition--. 

14, line 4, “fm, the Cu” should read --?lm, the Cu--. 
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